The RsMYB1 transcription factor (TF) controls the regulation of anthocyanin in radish 1 1 (Raphanus sativus), and its overexpression in tobacco and petunia strongly enhances anthocyanin 1 2 production. However, no data exists on whether RsMYB1 is involved in the mechanism that 1 3 leads to abiotic stress tolerance. Under normal conditions, transgenic petunia plants expressing 1 4
1 0 0 measurements were taken three times, and the data represents the means of three replicates The transcript levels of RsMYB1, two stress tolerant genes (GSH and PCs), and three under the stress and control conditions were investigated. Total RNA was isolated from 100 mg 1 0 5 of leaf tissue per treatment using TRI Reagent TM Solution (Ambion, USA). Exactly 1 μ g of 1 0 6 total RNA and an oligo dT20 primer were used for reverse transcription (ReverTra Ace-á, 1 0 7
Toyobo, Japan). Then, the transcript levels of the genes (GSH, PCs, SOD, CAT, POX, RsMYB1) Scientific, Waltham, USA) (Naing et al., 2017) . The primers and PCR conditions for the detected 1 1 0 genes are listed in Table 1 . Three samples per line were used, and the analysis was repeated three 1 1 1 times.
1 1 2
Uptake of the heavy metals 1 1 3
Exactly 1 g of dried leaf tissue per treatment was collected from RsMYB1-overexpressing plants 1 1 4 and the WT plants to determine heavy metals (Cu, Zn, Mn, and Cr) uptake. The analysis was 1 1 5 carried out as described by Cataldi et al. (2003) . There were three samples per treatment and 1 1 6 three replicates. To determine whether the heavy metals treatments affected stomata density in RsMYB1- Naing et al. (2015) . The samples were then dehydrated for 10 min using serial ethanol 1 2 3
concentrations (25, 50, 70, 85, and 100%) . The dehydrated samples were dried to their critical 1 2 4 point at room temperature, coated with gold-palladium on a Quick Cool Coater (Sanyu-Denshi, 1 2 5 Japan), and the stomata density from each sample was examined using scanning electron 1 2 6 microscopy (SEM; JEOL Ltd., Tokyo, Japan). Investigations were performed on three samples 1 2 7
per treatment with three replicates. found to be more tolerant to heavy metal stress than the WT plants because the growth 1 5 0 parameters evaluated in the RsMYB1-overexpressing plants were significantly higher than they 1 5 1 were in the WT plants . Some WT plants did not produce roots at all and their shoots 1 5 2 showed signs of water deficiency and chlorophyll degradation ( Fig. 5 ), but this was not observed The stomata densities of the treated plants and the WT plants were investigated using a scanning 1 6 3 electron microscope to determine whether the heavy metals affected the stomata density of the RsMYB1-overexpressing plants and the WT plants. However, stomata density decreased when 1 6 6 they were exposed to the heavy metals ( Fig. 6 ). In addition, the extent of the reduction in stomata 1 6 7 density varied depending on the type of heavy metal used. The qRT-PCR method was used to clarify whether overexpression of RsMYB1 affects the 1 7 0 expression levels of the antioxidant genes (SOD, CAT, and POX). The results showed that the 1 7 1 stress treatments increased the transcript levels of the tested genes in the WT and RsMYB1- overexpressing plants compared to the normal growing conditions. However, the genes were with the degree of tolerance to heavy metal stress because the RsMYB1 plants, which had higher 1 7 6 expression levels of the antioxidant genes than the WT plants, were more tolerant to heavy metal 1 7 7 stress than the WT plants. The results suggest that RsMYB1-overexpressing plants enriched with 1 7 8 anthocyanin had higher antioxidant activities than the WT plants Expression profiles of the stress tolerant genes under heavy metal stress
The expression level responses of the stress tolerant genes (GSH and PCs), which are normally normal growth conditions. When exposed to heavy metal stress, their expression levels were 1 8 5
higher in the RsMYB1-overexpressing and WT plants. However, the stress-induced increase in Accumulation of heavy metals in the RsMYB1-overexpressing and WT plants
Under normal growth conditions, the heavy metal levels in the overexpressing plants and the WT 1 9 1 plants were quite low, and the two plant types were not significantly different. However, when 1 9 2 they were exposed to the different heavy metals, the uptake of the metals by these plants 1 9 3 significantly increased, but the total content of detectable metals per plant was significantly 1 9 4
higher in the RsMYB1-overexpressing plants than in the WT plants ( Fig. 12 ).
1 9 5
Elevation of RsMYB1 under heavy metal stress 1 9 6
As described above, RsMYB1-overexpressing plants were more tolerant to heavy metal stress 1 9 7 than the WT plants because they could induce higher expression levels of stress-and antioxidant- was elevated by heavy metal stress and whether its expression was associated with the regulation 2 0 0 of the genes mentioned above. As expected, its expression level was elevated under the heavy 2 0 1 metal stress conditions (Fig. 13 ), and this was linked to increased expressions of the stress-and TFs (IbMYB1, OsMYB4, GmMYB92, DwMYB2, OsMYB2, and TaMYB19) that confer 2 0 9 different abiotic stress tolerances in various crops (Fig. 14) . This suggested that RsMYB1 had 2 1 0 the same functional role as the six TFs. According to the phylogenetic tree, RsMYB1 TF had 2 1 1 strong sequence similarity with IbMYB1, which confers anthocyanin accumulation and salt-2 1 2 stress tolerance characteristics. by heavy metals. This is becoming a major concern worldwide (Rascio and Navari-Izzo, 2011; functional roles of RsMYB1 in the abiotic stress tolerance process were not investigated. Therefore, it was important to characterize the functional role of RsMYB1 in heavy metal stress parameters and the expression levels of the genes involved in the mechanism that underlies 2 3 8 tolerance to heavy metal stress. Kochian , 1997; Lewis et al., 2001; Sharma et al., 2003; Scoccianti et al., 2006) . In addition, the Theoretically, stomata play a critical role in photosynthesis because they are responsible for the 2 5 5 uptake of carbon dioxide from the atmosphere and the release of oxygen as a waste product. In this study, inhibition of plant growth under heavy metal stress was associated with a reduction in 2 5 7 stomata density. This suggested that the stomata density reduction caused by heavy metal stress 2 5 8
decreased photosynthesis, which led to reduced plant growth. These results support the findings The expression levels of the antioxidant genes (SOD, CAT, and POX) responsible for scavenging 2 6 2 or neutralizing ROS were investigated to reveal the mechanisms which led to RsMYB1-2 6 3 overexpressing plants being more tolerant to heavy metal stress than WT plants. The expression 2 6 4 levels of these genes were significantly higher under heavy metal stress than under normal result supports the hypothesis that the higher stress tolerance in RsMYB1-overexpressing plants The roles of other genes, such as GSH and PCs, which are involved in the antioxidant defense 2 7 9 mechanism and heavy metal detoxification, were also investigated. When the overexpressing and 2 8 0 WT plants were exposed to heavy metal stress, the GSH and PCs expression levels increased to 2 8 1 defend against the heavy metals stress. Furthermore, the higher expression levels in the 2 8 2
RsMYB1-overexpressing plants were positively associated with the degree of tolerance to heavy 2 8 3 metals (RsMYB1 > WT). The high expressions of these two genes suggested that they played Gasic and Korban, 2007a,b) . In this study, despite the enhanced expression of the GSH and PCs 2 9 0 genes under heavy metal stress, there was still a reduction in plant growth when the plants were 2 9 1 exposed to heavy metals, which indicated that the GSH and PCs levels were not high enough to 2 9 2 completely defend against heavy metal stress, particularly in the WT plants. This strongly 2 9 3
suggests that the heavy metal tolerance mechanism requires high GSH and PC levels. More heavy metals accumulated in the RsMYB1-overexpressing plant shoots than in the WT 2 9 5 plant shoots. This also suggests that the RsMYB1-overexpressing plants could be more tolerant 2 9 6 to heavy metals than the WT plants, which led to the increased uptake of heavy metals. Another 2 9 7 explanation for this is that the roots of the RsMYB1-overexpressing plants were less damaged by 2 9 8 the metals than the WT roots because of the increased anthocyanin levels (higher antioxidant claimed that overexpression of GSH in mustard led the plant to accumulate 2.4-to 3-fold more 3 0 5
Cr, Cu, and Pb than the wild-type plant.
3 0 6
In this study, the degree of stress tolerance was positively associated with the expression levels both growth conditions and particularly under heavy metal stress. Therefore, it was important to show the standard error (SE) of the mean. show the standard error (SE) of the mean show the standard error (SE) of the mean. show the standard error (SE) of the mean. by the different heavy metal stresses. Photographs were taken on the 30 th day after starting the the different heavy metal stresses. Photographs were taken on the 30 th day after starting the experiments. plants after they had been exposed to the different heavy metals. Data were taken on the 30 th day after plants after they had been exposed to the different heavy metals. Data were taken on the 30 th day after 5 2 4
Figure legends
starting the experiments. Error bars show the standard error (SE) of the mean. plants after they had been exposed to the different heavy metals. Data were taken on the 30 th day after overexpressing plants after they had been exposed to the different heavy metals. Data were taken on the 5 3 0 30 th day after starting the experiments. Error bars show the standard error (SE) of the mean. overexpressing plants after they had been exposed to the different heavy metals. Data were taken on the 
